Organisms from bacteria to humans use a circadian clock to control daily biochemical, physiological, and behavioral rhythms. We review evidence from Neurospora crassa that suggests that the circadian clock is organized as a network of genes and proteins that form coupled evening-and morning-specific oscillatory loops that can function automously, respond differently to environmental inputs, and regulate phase-specific outputs. There is also evidence for coupled morning and evening oscillator loops in plants, insects, and mammals, suggesting conservation of clock organization. From a systems perspective, fungi provide a powerful model organism for investigating oscillator complexity, communication between oscillators, and addressing reasons why the system has evolved to be so complex.
INTRODUCTION
A diverse group of organisms, ranging from bacteria to humans, display daily rhythms in gene expression, protein levels, physiology, and behavior that are controlled by endogenous circadian clocks. These clocks are composed of limit-cycle oscillators based on molecular feedback loops, input pathways that transduce external information to the oscillators, and output pathways that allow the oscillators to temporally organize cellular and behavioral processes to specific times of the day.
Considerable effort has gone into understanding the molecular, biochemical, and physical properties of the circadian clock. In eukaryotic organisms, the molecular oscillators contain multiple interlocked feedback loops consisting of both positive and negative elements (Glossop et al. 1999; Lee et al. 2000; Shearman et al. 2000; Cheng et al. 2001a; Glossop and Hardin 2002; Preitner et al. 2002; Cyran et al. 2003; Locke et al. 2006) . Several lines of evidence point toward the existence of multiple distinct oscillators in cells and/or tissues of organisms contributing to circadian timing. First, there exist free-running rhythms with different period lengths in the same organism (Morse et al. 1994; Sai and Johnson 1999; Cambras et al. 2007) , and there is residual rhythmicity in strains that are defective in known oscillator components (Loros et al. 1986; Stanewsky et al. 1998; Emery et al. 2000; Collins et al. 2005) . Second, some tissue-specific oscillators are constructed differently from the core oscillators located in the brain (Stanewsky et al. 1998; Ivanchenko et al. 2001; Krishnan et al. 2001; Hardin et al. 2003; Collins et al. 2005) . Thus, oscillator complexity may arise both intracellularly and intercellularly in organisms with differentiated tissues.
There are at least three possible reasons why organisms would benefit from having multiple distinct oscillators or interlocking clock loops. First, the interlocked loops might have evolved to allow the circadian system to be more robust-in other words, immune or resistant to stochastic noise or to small perturbations of the parameters. This is supported by the observation that alteration of the levels of components of the loops results in less precise clocks (Cheng et al. 2001a; Preitner et al. 2002; Locke et al. 2006) . Second, multiple coupled loops could add to the degree of flexibility of the network by providing a mechanism for the environment to entrain the different loops with different input signals, so that, for instance, there could be one clock that is reset by light input and a different clock that is reset by a temperature shift (Rand et al. 2006) . Third, increased flexibility of the system could also be achieved using multiple distinct oscillators that respond differently to environmental input and regulate different phase-specific outputs, so that, for example, morning-specific outputs would be controlled by an oscillator with one set of light and temperature inputs and evening-specific outputs would be controlled by a different oscillator with a different set of light and temperature input parameters. The circadian clock system of Neurospora crassa has been studied extensively and is one of the best-understood circadian models Liu and Bell-Pedersen 2006; Vitalini et al. 2006; Heintzen and Liu 2007) . Armed with a detailed description of core N. crassa FRQ/WCC feedback loop, we are now in a unique position to extend our current view of the oscillator to accommodate a growing body of evidence showing residual oscillations in the absence of the core FRQ/WCC oscillator components. We suggest that similar to plants and animals, the FRQ/WCC oscillator contains multiple coupled feedback loops that are important for precision and flexibility of the system. (Loros et al. 1989) , metabolism (Shinohara et al. 1998) , pheromone production (Bobrowicz et al. 2002) , stress response (Shinohara et al. 2002) , and other processes (for review, see Vitalini et al. 2006) .
1959), as well as rhythms in gene expression
In N. crassa, the FRQ/WCC oscillator is considered to be the core circadian oscillator necessary for generating many of the observed circadian rhythms, including the developmental rhythm. The FRQ/WCC oscillator is known to be composed of an autoregulatory, transcriptional/translational feedback loop involving the frequency (frq) and white collar (wc-1, wc-2) genes and their protein products Liu and Bell-Pedersen 2006) . The WC-1 blue light photoreceptor (Froehlich et al. 2002; He et al. 2002 ) forms a complex with WC-2 (white collar complex; WCC) that binds the frq promoter and directly activates transcription of the frq gene (Froehlich et al. 2003) . Levels of FRQ protein then slowly increase. FRQ dimerizes (Cheng et al. 2001b ) and forms a complex with FRH (a FRQ-interacting RNA helicase) ) that binds to, and promotes the phosphorylation of, the WCC by several kinases, including casein kinase I (CKI) and CKII (Schafmeier et al. 2005; He et al. 2006) . Once hyperphosphorylated, activity of the WCC is inhibited such that it is unable to activate transcription of frq. This inhibition results in reduced frq transcript levels and a decrease in FRQ protein production, forming the negative part of the feedback loop. Subsequent phosphorylation-induced decay of FRQ, in conjunction with dephosphorylation of the WCC by protein phosphatase 2A (Schafmeier et al. 2005) , releases the inhibitory affect on the WCC and leads to reactivation of frq transcription, allowing the cycle to start again the next day (Liu et al. 2000) .
FRQ also acts in a positive feedback loop, maintaining levels of wc-2 mRNA and WC-1 and WC-2 proteins Cheng et al. 2001a Cheng et al. , 2002 . To investigate the importance of the positive feedback loop on clock function, wc-1 or wc-2 mRNA levels were artificially induced in cells (Cheng et al. 2001a) . As the concentration of WC-1 or WC-2 increased, the amplitudes of the developmental rhythm and FRQ protein cycles increased. This suggested that the positive loop confers stability and robustness to the FRQ/WCC oscillator Cheng et al. 2001a; Schafmeier et al. 2006) .
The conflicting roles of FRQ in positive and negative feedback are now beginning to be understood in terms of spatial location and posttranslational modification (Schafmeier et al. 2006) . Negative feedback through WCC is accomplished by nuclear FRQ that is hypophosphorylated and thus begins early after FRQ is expressed. Progressive phosphorylation of FRQ appears to trigger a switch of FRQ from a nuclear repressor to a cytoplasmic activator of WC-1 protein accumulation (Schafmeier et al. 2006) . This regulation may be through FRQ-mediated phophorylation of cytosolic WC-1 or WC-2, which could enhance their assembly and stability. However, the mechanism by which FRQ regulates the levels of wc-2 mRNA is currently not known.
Although not well understood, WC-1 and WC-2 also regulate each other to form an additional loop in the FRQ/WCC oscillator. WC-2 stabilizes WC-1 protein by forming the WCC, and WC-1 negatively regulates transcription of wc-2 (Cheng et al. , 2003 .
A NEW LOOP IN THE FRQ-WCC OSCILLATOR NETWORK?
Several labs have demonstrated residual oscillations in N. crassa cells in the absence of FRQ or WC-1 and WC-2 (Loros et al. 1986; Merrow et al. 1999; Ramsdale and Lakin-Thomas 2000; Correa et al. 2003; Granshaw et al. 2003; Christensen et al. 2004; He et al. 2005; . These data suggested the existence of FRQindependent oscillators. The term FRQ-less oscillator (FLO) has been coined to collectively describe the putative oscillators responsible for such rhythms (Iwasaki and Dunlap 2000) .
To begin to investigate the FLOs, microarrays were used to identify genes that cycle with a circadian period in the absence of FRQ (Correa et al. 2003) . Three eveningspecific clock-controlled genes (ccgs) that displayed a daily rhythm in mRNA accumulation in FRQ-null strains were identified. One of these, W06H2 (now called ccg-16), was confirmed by northern assays to accumulate rhythmic mRNA in the absence of FRQ and under conditions in which the conidiation rhythm is abolished, such as during growth in constant light (LL) or when frq is constitutively overexpressed from an inducible promoter . In wild-type strains, the oscillator that is responsible for generating the ccg-16 rhythm responds to both temperature and light cues for synchronization; however, in the absence of FRQ, the oscillator responds better to temperature cues. Surprisingly, the ccg-16 mRNA rhythm requires functional WC-1 and WC-2, suggesting that the oscillator responsible for ccg-16 rhythms is coupled either directly or indirectly to the FRQ/WCC oscillator. To distinguish the ccg-16 FLO from other potential N. crassa oscillators, it has been called the WCdependent FLO (WC-FLO).
Importantly, the ccg-16 mRNA rhythm is temperaturecompensated in the FRQ-null strain (Q 10 of 0.9), suggesting that FRQ is not absolutely required for temperature compensation. However, this conclusion needs to be taken with a certain level of caution because it was based on RNA blots using 4-hour time points to measure ccg-16 mRNA rhythms at three different temperatures. Sampling of more time points using a ccg-16:luciferase reporter (a generous gift from J. Dunlap and J. Loros) in both FRQ + and FRQ-null strains is currently being conducted to confirm these results.
Together, these data established that the oscillator driving ccg-16 mRNA rhythms is not inhibited by high or low FRQ levels. In addition, ccg-16 mRNA rhythms can be observed in both LL and DD, suggesting that the WC-FLO is a circadian oscillator that is not inhibited by high or low light levels. This is unlike the FRQ/WCC oscillator, which is functional only in the first 12-16 hours of LL following synchronization in light/dark cycles (Elvin et al. 2005) .
Because WC-1 and WC-2 are required for rhythmic ccg-16 mRNA levels in LL, we hypothesized that WC-1 protein levels might also be rhythmic under these same strain. In addition, WC-1 protein accumulates rhythmically in DD in a ∆FRQ ∆CCG-16 strain, suggesting that CCG-16 is not a component of the WC-FLO that generates the WC-1 rhythm. Thus, ccg-16 is likely an output of the WC-FLO.
Although the WC-FLO can function autonomously, the requirement of WC-1 and WC-2 for both the FRQ-based oscillator and the WC-FLO suggests that the two oscillators are coupled either directly or indirectly by the WC proteins. This situation is strikingly analogous to the two coupled oscillators proposed to explain the different responses of rhythmic pupal eclosion in Drosophila to light and temperature treatments and later used to explain splitting behavior in rodents in LL Pittendrigh 1961; Pittendrigh and Daan 1976 ). In this model, a central morning oscillator (M) is lightentrainable and is coupled to a temperature-entrainable evening oscillator (E). While both oscillators are autonomous and can be directly entrained, the E oscillator requires the M oscillator for complete circadian properties and for proper phasing. Temperature directly entrains the E oscillator, and the E oscillator feeds back on the M oscillator to bring the system to equilibrium. In N. crassa, the M oscillator would be equivalent to the light-entrainable FRQ/WCC oscillator that controls morning-specific ccgs and development, and the E oscillator would represent the WC-FLO that controls evening-specific ccgs, such as ccg-16 (Fig. 1) . The WC-FLO would thus derive phase information from two sources: directly from environmental cues and indirectly through the light and temperature-responsive FRQ/WCC oscillator. conditions (WC-2 is not normally rhythmically expressed [Denault et al. 2001] ). Indeed, a robust rhythm in WC-1 levels was also observed in wild-type strains grown in LL and in ∆FRQ strains grown in DD when the cultures were synchronized by a temperature transition ). Furthermore, two forms of cycling WC-1 were observed in wild-type strains, a large (~135 kD) and a small (~127 kD) form. The large form typically displayed a more robust rhythm than the small form, and only the large form was observed in ∆FRQ strains. Interestingly, the amplitude of the WC-1 rhythm was qualitatively higher in ∆FRQ strains, as compared the FRQ + strains. The small form of WC-1 is likely due to alternative initiation from an in-frame methionine codon located within the WC-1 open reading frame at codon 88 (Cheng et al. 2003; Kaldi et al. 2006 ). The roles of the different WC-1 forms in the circadian clock are currently under investigation.
These results demonstrated that although FRQ is involved in maintaining the overall levels of WC-1 protein in the cell Cheng et al. 2001a ) and in generating the small form of WC-1, FRQ is not essential for rhythmic WC-1 levels. We speculate that components of the WC-FLO control WC-1 rhythms (see below). However, WC-1 rhythms were previously shown to have a long-period oscillation in the 29-hour period frq 7 mutant strain Cheng et al. 2001a ), suggesting that when the FRQ/WCC oscillator is functional, it can influence the period of the WC-1 rhythm. This may be through coupling of the FRQ/WCC oscillator to the WC-FLO.
The function of the CCG-16 protein is unknown. The FRQ/WCC oscillator functions normally in a ∆CCG-16 
THE PREDICTED EVENING AND MORNING MULTILOOP ARCHITECTURE OF PLANTS AND ANIMALS SUGGESTS A NEW WORKING MODEL FOR THE N. CRASSA CLOCK
A three-loop clock, comprising a system of intracellularly coupled M and E oscillators, was recently predicted for the Arabidopsis clock based on experimental evidence and mathematical modeling (Locke et al. 2006 ). This model accounts for the residual rhythmicity that can be observed in mutations of the core clock component TOC1 (Fig. 1) . The model predicts the existance of two autonomous short-period oscillators, plus a third loop connecting the two. An M oscillator contains PRR7/9 and LHY/CCA1, and an E oscillator contains TOC1, GI, and an unknown component Y. The two oscillators are predicted to be coupled together in a loop that involves negative regulation of TOC1 by LHY/CCA and positive regulation of LHY/CCA1 from TOC1 through an unknown component X.
Similar to plants, there is also evidence in Drosophila (Stoleru et al. 2004 ) and mammals (Jagota et al. 2000; Daan et al. 2001) for separate control of M and E process. But unlike plants, the M and E oscillators of flies and mammals are present in different cells and are thus coupled together via cell-cell signaling. It is not known if M and E are two genetically distinct oscillators or two identical oscillators that are set to different phases using different input pathways.
Intertwined intracellular loops, similar to that proposed in plants, may also exist in mammals. Modeling of mammalian molecular clockwork revealed the existence of a new source of oscillations arising from negative regulation of Bmal1 expression by Rev-Erbα (Fig. 1) (Leloup and Goldbeter 2004) . In the absence of PER, oscillations of Bmal1 mRNA persist. Furthermore, in the absence of the negative Bmal1/Rev-Erbα loop, BMAL1-dependent oscillations of PER and CRY also persist. The two oscillator loops are coupled through CLOCK-BMAL1. The first oscillator involves an indirect negative feedback exerted through the inhibitory binding of PER-CRY to CLOCK-BMAL1 complexes, which activates expression of per and cry mRNA. The second oscillator involves negative feedback exerted by CLOCK-BMAL1, via REV-ERBα, on the expression of Bmal1. Circadian oscillations that persist in Rev-Erbα knockout mice (Preitner et al. 2002) , along with observations of restored rhythmicity by an extended light pulse in mPer1/mPer2-deficient mice (Bae and Weaver 2007) , provide experimental support for the multiloop model.
On the basis of similarities of the FRQ/WCC oscillator and the WC-FLO to the coupled M and E oscillators of plants, flies, and mammals, we speculate that the WC-FLO constitutes a temperature-responsive evening loop of the FRQ/WCC oscillator (Fig. 1 ). This working model proposes that the WCC represses an unknown component X, which in turn activates the WCC. We predict that this activation is in part due to new synthesis of the large form of WC-1 protein by rhythmically active X protein because large WC-1 accumulates rhythmically in the absence of FRQ. The model predicts that the levels or activity of X would be low when the WCC is active and high before the peak in WC-1 levels. X would also be predicted to peak antiphase to FRQ, providing an opportunity to regulate outputs at the opposite phase of the cycle (Fig. 1) . When FRQ is overexpressed in cells, ccg-16 mRNA and WC-1 rhythms are maintained , and the levels of WCC increase. But most of the WCC would be phosphorylated and inactive for positive regulation of frq (He et al. 2006; Schafmeier et al. 2006 ). However, phosphorylation of the WC proteins might facilitate repression of X, allowing the WC-FLO cycle to continue. For this reason, we favor the WCC inhibiting X rather than WCC activating X, and X inhibiting the WCC to form the WC-FLO feedback loop. The levels of WC proteins are lower in FRQ-null strains; thus, FRQ is thought to positively regulate WC protein levels posttrancriptionally. In addition, the levels of wc-2 mRNA are lower in FRQ-null strains, suggesting FRQ is somehow involved in transcriptional regulation of wc-2. Because it is hard to imagine how a single protein might carry out both of these activities directly, we wildly speculate that the WC-FLO would have one of these roles, such as in transcriptional repression of wc-2. When FRQ is absent, the levels of WCC would decrease. This would result in an increase in the activity of X, which would in turn result in lower levels of wc-2 transcription. Finally, we predict that X would be responsive to a temperature input, allowing the WC-FLO to be directly responsive to temperature. Obviously, to test this model, we need to identify X and experiments are currently in progress to do this.
Coupling of the FRQ/WCC oscillator and WC-FLO through the WCC proteins would likely add additional stability to the system while allowing each oscillator the flexibility to control phase-dependent outputs. In the absence of external light and temperature cycles, the integrity of the circadian system would depend on this coupling to maintain identical frequencies and the appropriate phasing of the oscillators. To begin to test if both the FRQ/WCC oscillator and the WC-FLO are required for stable ccg-16 mRNA rhythms, the phase, amplitude, and period of the ccg-16 rhythms in wild type versus a ∆FRQ strain grown in DD or LL were compared (R. de Paula et al., unpubl.) . As predicted, in the ∆FRQ strain, the amplitude of the ccg-16 mRNA rhythms showed a significantly increased variation between experiments as compared to wild-type strains grown in DD (Fig. 2) . These data support the notion that when the circadian oscillator network is intact, the precision of the ccg-16 rhythms is increased.
EVIDENCE FOR MORE FLOS IN N. CRASSA
In N. crassa cultures grown with nitrate as the sole nitrogen source, daily rhythms in nitrate reductase activity are observed in DD or LL in wild-type strains, as well as in strains that lack FRQ or WC-1 (Christensen et al. 2004) . These data indicated that a nitrate reductase oscillator (NRO), which can run in the absence of a functional FRQ/WCC oscillator and is separate from the WC-FLO, generates rhythms in nitrate reductase activity. However, in the absence of WC-1, the nitrate reductase activity rhythms are of low amplitude and more variable, suggesting some connection to the FRQ/WCC;WC-FLO oscillator. It is not yet known if the NRO is temperaturecompensated or entrained by light or temperature.
Other evidence for multiple oscillators in N. crassa cells comes from observations of residual developmental rhythms in strains that lack FRQ, WC-1, or WC-2 in DD (Loros et al. 1986; Aronson et al. 1994; Lakin-Thomas 1998 , 2006 Merrow et al. 1999; Lakin-Thomas and Brody 2000; He et al. 2005; Pregueiro et al. 2005) . However, the rhythms are defective in one or more of the canonical circadian oscillator properties-the rhythms are not stable, do not persist, are not temperature-compensated, and are not entrained by LD cycles. These data suggest that an intact FRQ/WCC oscillator is required for complete circadian properties of the developmental rhythm. Although somewhat controversial, the developmental rhythms appear to be entrained by temperature cycles (Merrow et al. 1999; Pregueiro et al. 2005; Roenneberg et al. 2005; Lakin-Thomas 2006) . Thus, another possibility is that the residual developmental rhythms arise from parts of the FRQ/WCC ocillator or WC-FLO oscillator that remain intact and respond to temperature in the mutant strains. This would be best explained if FRQ and X are connected to each other in another loop, similar to the three-loop clock of Arabidopsis (Fig. 1) .
To date, no progress has been made in identifying the molecular constituents of the FLO(s) responsible for the residual developmental rhythmicty. This lack of progress can primarily be attributed to the inherent variability of the FLO rhythms, making it difficult to screen for mutants that disrupt the FLO oscillations. However, a recent breakthrough may change our ability to characterize the molecular components responsible for the residual oscillations. The period of the FLO conidiation rhythm can be stabilized, through an unknown mechanism, by the addition of farnesol or gerianiol, two intermediates of the sterol synthesis pathway, to the growth medium (Granshaw et al. 2003) . Similar to the variable rhythm on unsupplemented medium, this stabilized rhythm still lacks some of the canonical properties of circadian oscillators, including temperature compensation and light entrainment, but the rhythm can be reset by temperature pulses.
The ability to observe a consistent developmental rhythm in the absence of a functional FRQ/WCC oscillator now paves the way for identifying FLO components. Toward this end, the influence of other known clockaffecting mutations, in combination with FRQ or WC-2 deletion mutations, on the stabilized FLO developmental rhythm is being assayed (Lombardi et al. 2007 ). The ability to consistently observe a rhythm in the absence of the FRQ/WCC oscillator will also allow for the application of genetic screens for mutations that alter the FLO.
CONCLUSIONS
Enormous progress has been made in understanding the molecular mechanisms of the core circadian oscillators that were originally identified in genetic screens for mutations that alter a specific rhythmic behavior. We are now in a unique position to refine our view of the clock and incorporate information demonstrating residual rhythmicity in the absence of core clock components into working models, as carried out here for the N. crassa clock system. We suspect that these loops were not targeted in original mutant screens because they regulate different output pathways from those assayed, such as development rhythms in fungi (Feldman and Hoyle 1973) and eclosion and locomotion rhythms in flies (Konopka and Benzer 1971) .
Experimental data and modeling support an organization of the core clock as a network of coupled oscillators, which can function when some of its parts are missing to regulate some aspects of rhythmicity. On their own, the individual loops appear to be less robust; this may be in part due to the components becoming more sensitive to cellular noise. Evidence is also accumulating to suggest the existence of genetically distinct circadian oscillators that can function as core oscillators to regulate specific outputs. In microbial organisms, the complexity exists within the cell, however; in muticellular organisms, complexity can occur both between and within cells. Figure 2 . FRQ/WCC oscillator maintains precision of the WC-FLO that regulates ccg-16 rhythmicity. Relative mRNA levels for ccg-16 from wild-type and ∆FRQ cultures synchronized by a shift from 30°C to 25°C and grown in DD were determined by densitometry of northern blots and plotted versus time (hours in DD). Values are mean ± S.E.M. from six separate experiments. For each strain, at each timepoint, the data were normalized to the average value at that timepoint. The standard deviation of the normalized data for wild type was 0.427, and the standard deviation for ∆FRQ was 0.554. An F-test on the normalized data showed that the variance of the ccg-16 levels in ∆FRQ was significantly higher than the variance in wild type with p = 0.022.
We clearly still have a lot more work to do, the most important of which is to identify components of the new loops. The genetically tractable N. crassa clock system will continue to be an important model for identifying additional components and for developing a better understanding of the roles of a multi-oscillator clock.
